First-principles study of misfit strain-stabilized ferroelectric SnTiO3
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Toxicity of lead and bismuth has motivated an active search for isovalent ferroelectric oxides free of
these elements. Using first-principles density functional calculations, we survey Sn(11) titanates with
SnTiO3 stoichiometry to evaluate the phase stability of polar and non-polar polymorphs: We predict a
tetragonal perovskite P4mm phase with a large axial ratio (¢/a = 1.134) and ferroelectric polarization
(1.28 C/m?) to be the ground state equilibrium structure. We also show that heteroepitaxial thin
films of perovskite SnTiO3 promote the stereochemical lone-pair activity and simultaneously enable
control over the direction of the net electric polarization and magnitude of the electronic band gap.
Finally, we examine the consequence of anitsite defects on the polar cation displacements by studying
the substitution of Sn on Ti-sites. We demonstrate that local metallic screening that results from
site-substitution diminishes the magnitude of the polar distortions but does not completely quench
it. Based on these calculations, we suggest that polar perovskite SnTiO3 ferroelectrics are viable

thin film alternatives to Pb- and Bi-containing oxides.

PACS numbers: 77.84.-8,77.80.bn,77.55.fp,73.90.+f

I. INTRODUCTION

Many complex materials incorporating PbTiO3 (PTO)
as a component, such as PbZr;_,Ti, O3 (PZT)"¥ and
lead-based relaxor ferroelectrics®#, exhibit colossal piezo-
electric responses” These large susceptibilities are rou-
tinely exploited in ultra-sensitive actuator, sensor, and
transducer technologies. The utility of PTO originates
mainly from the chemistry of the Pb2?* cation: large polar
displacements are induced by the non-bonded 652 elec-
trons, which in turn induce large elastic deformations
and electric polarizations. However, multiple environ-
mental issues stemming from the toxicity of lead have
incited a search for novel Pb-free ferroelectrics with cation
displacements of comparable (or greater) magnitude for
next-generation sustainable electroactive materials98

Recently, several computational studies? M have sug-
gested isovalent substitution of environmentally-benign
Sn(11) for lead in titanate perovskites since the behavior
of Sn?* is also governed by the strong electron lone-
pair activity 2413 Indeed, these investigations? ' pre-
dict that the 5s2 lone pair is stereochemically active in
perovskite-structured SnTiO3 and responsible for the po-
lar tetragonal (space group P4mm) structure exhibiting
piezoelectrict? and ferroelectrict™X properties that are
similar to or exceed those of bulk PTO. Nevertheless, the
practical potential for tetragonal perovskite SnTiO3 to re-
place PTO remains unclear as there are a number of other
polymorphs with ABOj stoichiometry that may be ener-
getically more favorable. In fact, two studies'#* suggest
that bulk perovskite SnTiO3 is metastable with respect
to a hexagonal (non-polar, R3) ilmenite polymorph but
strongly disagree to the extent of the energy stabilization.
Stability of the ilmenite SnTiO3 polymorph is surprising
since centrosymmetric structures containing Sn?t would
be highly susceptible to cooperative pseudo-Jahn-Teller

(PJT) distortions that disfavor inversion symmetry1©
Thus, polar phases of Sn(11) titanates should be ener-
getically preferable over the non-polar ones.
Conventional solid-state growth of bulk Sn(1)-based
oxides remains extremely challenging as most synthetic
routes for producing ceramic SnTiOgs require high tem-
peratures. Consequently, facile Sn?* disproportionation
into Sn** and Sn metal often occurs M7 leading to the
loss of electron lone pair activity (along with the polar
distortions) and thus centrosymmetric crystal structures.
Modern state-of-the-art epitaxial engineering techniques
offer an alternative avenue to avoid the restrictions im-
posed by bulk thermodynamics during growth: they can
stabilize metastable structures through artificial elastic
boundary conditions (misfit strain) and/or rate-limited
kinetics 18 However, a recent attempt to grow tin titanate
films on sapphire and perovskite substrates from ceramic
SnOs and TiO4 targets utilizing pulsed laser deposition
(PLD) techniques yielded non-polar ilmenite-type struc-
tures with only traces of a second phase compatible with
perovskite geometry™? This result suggests that either
the SnTiO3 stoichiometry or the Sn?* oxidation state (or
both) were not sufficiently achieved in the PLD-grown
films. Thus, the uncertainty about the nature of the
ground state of SnTiO3 and the lack of information on
whether or not the proposed polar-perovskite phase could
be stabilized by epitaxial techniques readily motivates a
thorough investigation of potential polymorph phases.
In this study, we use first-principles density functional
theory (DFT) calculations to examine the structural
stability of tin titanate polymorphs with SnTiOg3 stoi-
chiometry. We find that the low-energy phases are per-
ovskite, possessing corner-sharing TiOg octahedra and
polar cation displacements. We then evaluate the relative
phase stability of these polar perovskite structures under
bi-axial strain, showing that the elastic strain energy in-



duced by lattice mismatch with the substrate promotes
the stereochemical lone-pair activity and simultaneously
enables control over the direction of the net electric po-
larization. Finally, we demonstrate that antisite point
defect pairs, namely the substitution of Sn on a Ti site
(Snri+ Tign), motivated by the propensity for tin to ex-
ist in the 44 oxidation state, leads to metallic behavior
from the partial occupation of the formerly empty Ti d
bands. This metallic screening decreases the repulsion
between the Sn?*t lone pairs and oxygen atoms and sub-
sequently reduces the magnitude of the cooperative polar
distortions.

II. COMPUTATIONAL DETAILS

DFT calculations were performed using the QUANTUM
EsPRrESSO package?! within the local density approxi-
mation (LDA), parameterized by Perdew and Zungert,
and the generalized gradient approximation (GGA) of
Perdew and Wang (PW91).22 The electronic wave func-
tions (density) were expanded in plane waves up to 30
Ry (300 Ry), and the core and valence electrons were
treated with Vanderbilt ultrasoft®? pseudopotentials.4
Shifted Monkhorst-Pack (MP)%? meshes were used for
the Brillouin zone (BZ) integrations and for phonon-band
calculations with an 8 x 8 x 8 mesh utilized for a five-atom
perovskite unit cell and rescaled accordingly for larger
unit cells.

For evaluating the structural stability of the perovskite
polymorphs, we employed density functional perturbation
theory?% to compute phonon-band dispersions. Starting
from the high-symmetry non-polar configuration, we sys-
tematically froze in linear combinations of the obtained
unstable phonon mode eigenvectors and then performed
structural relaxations from these initial atomic configura-
tions to reach the ground state configuration. All internal
ionic positions were relaxed until the forces were less
than 0.4 x 1072 Ry bohr~! (~0.01 eV/A). We simulated
epitaxial thin film constraints on a cubic (001)-oriented
substrate by varying the in-plane lattice constant a of a
tetragonal perovskite cell and allowing the out-of-plane
lattice constant ¢ to relax (to stresses less than 0.5 kbar).
The biaxial misfit strain is defined as e = a/ag — 1, where
ag corresponds to the LDA-optimized cubic Pm3m lat-
tice parameter. For all polar structures, the Berry-phase
(BP) method?” was used to calculate the total electric
polarization.

III. POLYMORPH ANALYSIS

We first explore the stability of various SnTiOg3 poly-
morphs by calculating their optimized structures within
the LDA. Plausible polymorphs include polar and non-
polar perovskites, and trigonal R3c¢ (lithium niobate [LN
in what follows]) phases, all of which have corner-sharing
TiOg octahedra. Layered hexagonal phases are also fea-

TABLE I. Energy differences (AE) per formula unit (f.u.)
for various SnTiO3 polymorphs with respect to the polar
perovskite P4mm phase, which has the lowest energy. Results
for the LDA (and GGA) exchange-correlation functionals are
given (in parentheses). The first four structures possess corner-
sharing TiOs octahedra while the last three contain edge- or
face-sharing octahedra. The total electric polarization P is
also provided for the polar crystal structures.

Symmetry AE (eV/fu.) a (A) c/a P (C/m?)
Pomm 0.00 (0.00) 3.78 (3.85) LI3 (L.15)  1.28
Cm 0.03 (0.10) 3.90 (3.99) 1.00 (1.00)  1.08
R3c (LN)  0.03 (0.06) 5.50 (5.61) 2.48 (2.51)  1.08
Pm3m  0.32(0.43) 3.86 (3.94) 1.00 (1.00)

R3 0.43 (0.47) 5.37 (5.44) 2.75 (2.83)

P6s/mme  0.91 (0.90) 5.48 (5.59) 1.69 (1.69)

P6sme  2.00 (1.78)  5.37 (5.50) 1.00 (0.93)

sible: we consider R3 (ilmenite), P63/mmec, and P63mc
structures, the former containing edge-sharing and the
latter two face-sharing TiOg octahedral networks.

The connectivity of the octahedral network strongly
affects the presence or absence of polar distortions in
a given polymorph.?®2? We find that the phases with
corner-sharing octahedra are in general more stable than
the hexagonal polymorphs (Table . The polar perovskite
(P4mm) phase has the lowest energy of all structures, and
the two other low-energy phases are monoclinic perovskite
Cm and LN-type R3c.

Since ferroelectric distortions in perovskites are known
to be sensitive to unit cell volumes2%3! we recomputed
the energetic hierarchy among these phases using the
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FIG. 1. (Color online) Pair distribution functions (PDFs) g(r)
of the three lowest-energy SnTiO3 polymorphs, P4mm, Cm,
and LN-type R3c, resolved by pair atomic types (black for
Sn-Ti, red for Sn-O, green for Ti-O, and blue for O-O). The
PDF of the Sn-Ti substitutional defect (see Section is
indicated by the dashed line in the P4mm frame.



GGA exchange-correlation functional and re-relaxed the
atomic structures to be fully self-consistent. As observed
elsewhere #2533 GGA calculations done for ferroelectric ox-
ides favor larger lattice constants as well as some enhanced
¢/a ratios (Table [I). We also found that the energy of
the LN-type R3c, R3, Cm, and Pm3m phases increases
and that of the P63mc and P63/mmc phases decreases
compared to the LDA results. Nevertheless, the order-
ing of phases from low to higher energies remains the
same regardless of the exchange-correlation functional,
suggesting that the susceptibility to polar distortions in
corner-sharing SnTiO3 polymorphs is robust.

The energetic near-degeneracy of the C'm and LN-type
R3c phases calls for a closer inspection of these structures
(Table [T). Figure [1| shows the pair distribution functions
(PDFs) g(r) of the P4mm, Cm, and LN-type R3c poly-
morphs. The plots for the two latter structures look
nearly identical up to the distance of 3 A. At the same
time both of them are markedly different from the PDF
plot of the P4mm structure. This indicates that the
local Ti-O and Sn-O environments, including the polar
cation off-centering motifs, in the Cm and LN-type R3c
structures are practically the same. In the LN-type poly-
morph, the formerly octahedral Sn-O cages become highly
distorted, making Sn 9-coordinated, similar to the per-
ovskite structures. Such structural similarity among these
different space groups, however, should not be considered
unusual given that the perovskite and LN-type phases
are closely related, as pointed out early on by Megaw 54
Nonetheless, since the C'm and LN-type R3c phases (both
highly polar as shown in Section [V|) are energetically close
to the ground-state P4mm phase, it should be possible
to stabilize either one of them in epitaxial synthesis by
an appropriate choice of a substrate (e.g., sapphire in the
case of the hexagonal LN-type structure).

IV. EPITAXIAL STRAIN STABILIZATION

Here we explore the simplest case of perovskite
SnTiO3 films on cubic (001)-perovskite substrates®® to
evaluate the effect of epitaxial strain on the perovskite
phase stability and ferroelectric polarization. In Fig.[2] we
present the calculated phonon frequencies for the paraelec-
tric five-atom perovskite structure under different biaxial
strain states within the LDA. We find multiple structural
instabilities, including ferroelectric (FE), antiferroelec-
tric (AFE), and antiferrodistortive (AFD) modes in the
epitaxially-strained tetragonal structures.

The FE instabilities are the strongest and depend lin-
early on the applied strain. The out-of-plane oriented As,
mode dominates for epitaxial compression (¢ < 0) and
the doubly degenerate in-plane E, mode dominates for
epitaxial tension (¢ > 0). The I-point phonon frequencies
and the Born effective charge (BEC) tensor components
that we obtain for the epitaxially-relaxed P4mm structure
agree with the results reported in [Uratani et al./

The AFD modes also change linearly with epitaxial
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FIG. 2. (Color online) Unstable phonon-mode frequencies
w at T" and various (tetragonal) BZ-boundary g-points of
the paraelectric perovskite SnTiOs under biaxial strain e.
Imaginary frequencies associated with unstable modes are
plotted as negative numbers below the horizontal zero line.
g-points X = (3, 0,0), M= (3, 3,0), R= (3,0, 3) or A=
(%, %, %) are marked in brackets after the instability label
subscripts, which indicate the sense of direction: axial («) or
(a, B) ionic motion for the FE and AFE ones, single («) or an
equivalent set (a, 3) of rotational axes for the AFD ones; here

a’6:x7y7z'

strain. The strongest TiOg rotation instabilities always
lie ~50 cm ™! higher than the strongest FE mode. This
suggests that the ground-state epitaxial phases are likely
free of AFD distortions — we confirm this by performing
phonon-band calculations of the polar structures. Finally,
we note that the AFE modes exhibit a highly non-linear
strain dependence, becoming unstable only for strains
in excess of £1%. Although for the considered strain
interval, the AFE modes are always weaker than the FE
and AFD instabilities, they may become more important
at larger strains.

A. Compressive strain

Freezing in the FE, (As,) mode in epitaxially-
compressed structures lowers the symmetry from



P4/mmm to P4mm, compatible with a non-zero po-
larization P = (0,0, P,). Recomputing the phonon-band
dispersions in the P4mm epitaxial structures reveals no
remaining structural instabilities. The condensation of
the FE mode hardens the AFD and AFE instabilities
present in the paraelectric structure. Increasing com-
pressive strain leads to an enhanced polarization (Fig. [3)
driven mostly by tin moving along the z-direction away
from its high-symmetry position: the average Sn displace-
ment is ~0.5 A while the Ti cation displacements are
always smaller (<0.1A).

B. Tensile strain

Freezing in the FE,, (E,) modes in the paraelectric
perovskite SnTiO3 structure under tensile strain produces
a lower symmetry phase (space group Amm2) with po-
lar distortions present in equal amplitudes in-plane, i.e.
P = (P;,P, = P,,0). However, for all tensile strain
states, an unstable polar zone-center phonon (FE.) mode
persists. Subsequently freezing in this distortion leads
to a further energy reduction (60 meV/fu.) and lifts
the ferroelectric polarization out of the plane, lowering
the crystal symmetry to the C'm space group compatible
with P = (P,, P, = P,,P, # P,). Thus, despite epi-
taxy on a 2D square net, polarization in these structures
orients itself along a non-Cartesian direction. This be-
havior contrasts with that of epitaxially-strained SrTiOs3,
where only an in-plane polarization develops under tensile
strain % Our observation of an out-of-plane polarization
component in strained SnTiOj is likely a result of the
active lone pair on Sn?t. Note, additional instability
analysis of the C'm structures reveals no unstable phonon
modes in the BZ, indicating that they are also dynamically
stable. Compared to the compressively-strained P4mm
structures, the tensile-strained C'm structures have Sn
displacements of ~0.4 A along non-crystallographic direc-
tions and Ti displacements opposite to Sn ~0.1 A.

V. POLARIZATION AND TETRAGONALITY

The evolution in the ¢/a ratio and polarization vector
components with epitaxial strain in perovskite SnTiO3 is
summarized in Fig. [3l (The polarization of the R3¢ LN-
type structure is also shown for comparison.) Accord-
ing to our calculations, the strained polar structures of
SnTiO3 have polarization in excess of 0.9 C/m? through-
out the whole range of applied strains. The total polar-
ization values for the Cm and LN-type R3c phases are
comparable as expected from their structural similarity.
In the P4mm phases, high polarization is accompanied by
large tetragonality, which reaches 1.134 in the stress-free”
structure (Table[l). Even at 2% tensile strain, the P, com-
ponent in the Cm phase remains rather large (~40%
of the total polarization), suggesting that, unlike isova-
lent SrTiO3, even small tensile strains possess switchable
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FIG. 3. (Color online) Polarization [left vertical axis| and
tetragonality [right vertical axis, star data points] of epitaxially-
strained P4mm and C'm SnTiO3 phases as functions of biaxial
misfit strain . Polarization of the R3¢ LN-type structure is
also marked on the left as an open square for comparison. The
shaded area outlines the region of the C'm phase stability.

and addressable out-of-plane polarizations. The polar-
ization values obtained for all the polar SnTiO3 phases
and especially the tetragonality of the P4mm structures
are higher than those computed for PTO with the same
methodology ™

VI. STRAIN DEPENDENCE OF ELECTRONIC

PROPERTIES

The electronic properties of the stress-free polar-
perovskite P4mm phase of SnTiO3 have been thoroughly
investigated elsewhere ™ The results of our calculations
of the electronic band structure, as well as total and pro-
jected density of states (PDOS) of the same phase are
in good agreement with the aforementioned works. In
this section, we focus on the electronic structure of the
biaxially-strained perovskite phases.

Figure [4] shows the changes in position of the valence
band maximum (VBM) formed by O 2p states and the
conduction band minimum (CBM) with Ti d-character
(computed within DFT/LDA) as the system transforms
from P4mm to C'm symmetry under applied strain. Sim-
ilar dependencies for the high-symmetry P4/mmm struc-
ture are also shown to isolate the influence of the elastic
distortion of the nonpolar (clamped-ion) tetragonal cell
on the VBM and CBM positions. In all cases, the shifts
of the energy levels are referenced with respect to the
low-lying O 2s state, which is assumed to be undisturbed
by any distortions. The band gaps Egap = Evem — Ecsum
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FIG. 4. (Color online) Valence band maxima (VBM) and
conduction band minima (CBM) of epitaxially-strained P4mm
and Cm SnTiO3 phases as functions of biaxial strain. Data
for the corresponding P4/mmm structures is also shown in
dotted lines. Open (red) square and circle at zero strain mark
the VBM and CBM positions in the cubic Pm3m structure.

obtained for all the structures above are indirect, the
VBM and CBM located at X- and I'-points, respectively.

The nonpolar clamped-ion cell distortion alone has a
minor influence on the size of E,,, increasing it slightly
for small tensile strains. When the P4mm polar ionic
distortion is introduced, the VBM and CBM only undergo
a rigid shift, compared to their positions in the P4/mmm
structure. In contrast, the VBM and CBM in Cm exhibit
a more complicated behavior — in addition to the rigid
shift, the Fg,, opens up by >0.5 eV.

The large change in the band gap Fg,p, originates from
the sensitivity of the conduction band to applied strain,
in particular, the Ti d,, orbital level (Fig.[5). The change
in the cubic crystal-field symmetry induced by the polar
ionic displacements shifts this level down for compressive
strains such that the dg, orbital forms the bottom of
the conduction band at the I'-point. On the other hand,
tensile strains push the dg, orbital to higher energies
so that the CBM is formed by the d., . states*® The
strength of the interaction between the Ti d,, and the
O pg,y orbitals determines the size of the gap. Under
compressive strain, the P4mm structure retains a four-
fold rotational symmetry element, which prevents the
hybridization of the Ti d, state and the O p, , states (at
the I'-point), suppressing further broadening of the Egyp.
In contrast, under tensile strain, the four-fold symmetry
is lifted by the polar displacements. This distortion allows
the Ti dyy and the O p, , states to mix at the I'-point.

P4dmm i Cm
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FIG. 5. (Color online) Evolution of the Ti dyyy and O p, orbital
projected density of states (PDOS) in epitaxially strained
P4mm and C'm SnTiOs with biaxial strain. Data for the
corresponding P4/mmm structures is also shown in dotted
lines. See Section [Vl for more details.

The mixing leads to an additional repulsion between the
VBM and CBM, which opens up the band gap.

The strong dependence of the size of the E,., on the
direction of P opens up interesting opportunities for dy-
namical tuning of it by growing SnTiOg films under an
epitaxial condition that is close to the boundary between
the P4mm and C'm phases, e.g. on a SrTiO3 substrate.
Eg.p» tuning is accessible elastically, by flexing the sub-
strate, or electrically, by applying an electric field. Be-
cause the gap opening mechanism presented here is quite
generic, it should also work in epitaxially strained PTO.
We speculate, however, that, in SnTiO3, the effect should
be more pronounced since the polar displacements in the
present case are larger than that in PbTiOs.

VII. ANTISITE DEFECTS

Since tin is readily found in a 4+ electronic configu-
ration with a six-fold ionic radius (0.69 A) close to that
of Ti*t (0.61 A), it is conceivable that in the perovskite
structure, Sn(1v) could be found on the Ti site. To eval-
uate the effect of such antisite defects on the atomic



distortions responsible for the ferroelectric polarization,
we construct a 2x2x2 (40-atom) supercell starting from
bulk polar P4mm phase and replace one Sn (and Ti) atom
on a Ti (and Sn) site, corresponding to a 12.5% defect
concentration. We then fully re-relax the lattice constants
and atomic positions until force and stress convergence is
achieved at fixed composition, i.e., (Snz, Ti)(Tiz, Sn)Oay.

We find that the crystal symmetry of the tin titanate
with antisite cation defects reduces to C'm, similar to the
structure under tensile epitaxial strain and compatible
with a polarization not aligned along a crystallographic
direction. Locally, we observe a contraction of all of the
Sn-O bonds at the Sn-sites adjacent to the Snt; defect,
producing a seven-fold cation coordination. In defect-free
P4mm and on the Sn-sites of the defect structure, Sn dis-
places away from the center of the O-coordination sphere,
but, when Sn sits on the Ti site in the substitutional defect
structure, the Sn atom remains in the center. This lack of
Sn displacement in a 4+ oxidation state indicates that a
lone pair of electrons drives the polar distortion. The shift
in the PDF of the defect structure to smaller distances
indicates a reduction in lone-pair activity (top panel of
Fig. . Indeed, our LDA band structure calculations
reveal that the antisite defects produce a metallic ground
state due to partial electron doping into the conduction
band. This metallic screening reduces the Coulomb re-
pulsion between the coordinating oxygen atoms and the
electron lone pair, which is still present and shifts into
the zy-plane, allowing the Sn atoms to move closer to the
oxygen atoms. Interestingly, the antisite defects also lead
to an increase in the Sn-O bond lengths in the square
antiprismatic coordinations that remain in the planes
above and below the Snt; defect site. Moreover, the
octahedrally-coordinated Sn at the Ti site also exhibits a
polar displacement comparable in magnitude to those of
the Ti atoms despite the presumed absence of the lone
pair activity — these displacements produce the shoulder
in the PDF peak near 2.0 A (Fig. . The polar structure
therefore persists in the presence of the antisite defects.
These antisite defects are thus not detrimental to the ferro-
electric distortions but do introduce channels for electron
conduction that could make polarization measurements
challenging. We suggest that the ferroelectricity should
be robust for smaller concentrations of the cation defects
of the type explored here, and a more exhaustive search
for competing defect pair combinations would be useful.

VIII. CONCLUSIONS

Although we do not specify the growth conditions nec-
essary to stabilize perovskite SnTiO3, our investigation
reveals that it should be possible to achieve a ferroelectric
(i.e., both highly polar and switchable) structure through
modern atomic layer deposition (ALD) techniques. In
particular, an appropriate technique should be capable of
maintaining a strict ABOs stoichiometry — a challenge
under reducing conditions due to the high vapor pressure
of tin — and enforcing the 24 oxidation state of tin during
growth to preserve the electron lone-pair activity driving
the polar structural distortions. An additional benefit
of employing ALD epitaxial synthesis is that the very
large tetragonality of the bulk P4mm structure, which
may prohibit polarization switching by a reasonable co-
ercive field 3 could be reduced by judicious selection of
a less compressive substrate without sacrificing strong
polarization in the out-of-plane direction (see Fig. [3).

As shown here and in references > the behavior of
Sn2* in SnTiOs resembles that of Pb?t in PTO and is
governed by the strong electron lone-pair activity 1413 We
demonstrated that polar polymorphs of SnTiOj3, includ-
ing perovskites and the LN-type structure, are energet-
ically preferable over the non-polar ones, as expected
for the strongly distortive Sn?* ion from theoretical
considerations of the cooperative-PJT effect 1% We also
showed that epitaxially-stabilized perovskite phases of
SnTiOg3 are highly polar and possess large out-of-plane
polarization at both compressive and tensile strains, mak-
ing them more functional than SrTiOg films especially
under tensile strain. The transformation between the
epitaxially-stabilized polar perovskite phases also induces
large changes in the band gap of SnTiO3. Finally, the simi-
larity of the electronic properties of Sn?* and Pb?* should
make it possible to fabricate lead-free layered-oxide epi-
taxial films exhibiting Goldstone-like excitations. 40
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